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Abstract 

Because of one-englne-lnoperatl ve (OEI) 
requirements, together with hot-gas reingestion and 
hot-day, high-altitude takeoff situations, power 
augmentation for multiengine rotorcraft has always 
been of critical Interest. However, power augmen- 
tation using overtemperature at the turbine Inlet 
will shorten turbine life unless a method of limit- 
ing thermal and mechanical stresses Is found. A 
possible solution Involves allowing the turbine 
Inlet temperature to rise to augment power while 
injecting water Into the turbine cooling air to 
limit hot-section metal temperatures. An experi- 
mental water Injection device was Installed In an 
engine and successfully tested. Although concern 
for unprotected subcomponents In the engine hot 
section prevented demonstration of the technique's 
maximum potential, It was still possible to demon- 
strate Increases In power while maintaining nearly 
constant turbine rotor blade temperature. 

Introduction 

" r " i 

Because of one-engine-inoperative (OEI) 
requirements, together with hot-gas reingestion and 
hot-day, high-altitude takeoff situations, power 
augmentation for multiengine rotorcraft has always 
been of critical Interest. According to an earlier 
study, 1 one method of power augmentation Is over- 
speed and overtemperature at the turbine Inlet. 
However, power augmentation using overtemperature 
at the turbine Inlet will shorten turbine life 
unless a method of limiting thermal and mechanical 
stresses Is found. 

A possible solution of this dilemma 2 Involves 
allowing the temperature at the turbine Inlet to 
rise to augmented power while Injecting water into 
the turbine cooling air to maintain the hot-section 
metal temperatures. The latent heat of vaporiza- 
tion of the Injected water is used as a heat sink 
to cool the compressor bleed air used for cooling 
the hot section. NASA Lewis has conducted a 
research study Into the feasibility of supplement- 
ing turbine cooling by water Injection during con- 
tingency power events on turboshaft engines. This 
study has included aspects of basic heat trans- 
fer 3 ’ 4 and analytical feasibility and design, 5 * 6 
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as well as the experimental demonstration that Is 
the subject of this report. The demonstration was 
made on a T700 GE-701 turboshaft engine as an 
adjunct to an ongoing Army and NASA Small Turbo- 
shaft Engine Program. 

Consistent with the available resources, the 
demonstration was confined to a study of water 
Injection Into the compressor bleed air used for 
cooling the first-stage high pressure turbine 
blades. These rotor blades were chosen for study 
because the effect on life and the possible conse- 
quences during contingency power use, with signifi- 
cant Increases in temperature, would be more severe 
than for any other component. The studies com- 
pleted on the engine cycle, heat transfer, and life 
analysis Indicate that the concept Is feasible. 
However, the logistics of carrying water for this 
technique and the modifications to the engine con- 
trol for contingency power situations must be 
addressed before a system can become operational. 
Such Issues are beyond the scope of this report. 

The objective of the tests was to demonstrate 
higher power output of a turboshaft engine while 
maintaining the turbine blade temperature by 
Injecting water Into the turbine cooling air. The 
results of these tests are presented In terms of 
the response of augmented power and turbine blade 
metal temperature to humid-air cooling during 
engine operation over a range of power settings. 

The experimental results of these tests are com- 
pared with the analytical results of Hlrschkron. 5 

Apparatus and Procedure 

Engine 

The engine (Fig. 1) used for the investigation 
was a front-drive, turboshaft engine consisting of 
an Integral particle separator; a f 1 ve-stage-axlal- 
flow, single-stage-centrifugal-flow compressor; a 
throughflow annular combustor; a two-stage, axial- 
flow gas generator turbine; and a free two-stage, 
axial-flow power turbine. 

Water Injection System 

The water Injection hardware consisted of 
water supply tubing and a water distribution ring 
installed within the engine combustor midframe 
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assembly (Fig. 2). The supply tubing penetrated 
the engine midframe outer housing through one of 
two Igniter ports. It was then routed around the 
combustor and under the Inner combustor shroud, 
where It mated with the distribution ring. The 
0.250-1n. tubing was enclosed In another 0.375-1n. 
tube to the point where It passed under the shroud. 
The distribution ring was positioned around a 
bearing housing directly upstream of the turbine 
cooling air accelerator assembly. Briefly, the 
accelerator Is a device to accelerate and direct 
axial flow In a tangential direction so as to aid 
flow distribution into the turbine rotor. The 
distribution ring, also of 0.250-1n. tubing, con- 
tained five equally spaced 0 . 037-1 n . -diameter holes 
positioned In such a way as to direct the water 
Into the accelerator passages and allow it to evap- 
orate in the turbine cooling air. 

The water injection supply (Fig. 3) consisted 
of a pressurized reservoir of distilled water, a 
high-pressure gaseous nitrogen supply, valves, tub- 
ing, and system-monitoring instrumentation. 

Engine Instrumentation 

The Instrumentation used for the engine test 
program consisted of both hot-section Instrumenta- 
tion specifically Installed for the contingency 
power tests and the normal complement of Instru- 
mentation to monitor engine operation. The hot- 
section Instrumentation consisted of thermocouples 
and static pressure taps. The thermocouples on the 
Injector tube were positioned to Indicate the con- 
dition of the water as It progressed from the 
supply tank to the distribution ring. The thermo- 
couples and static pressure probes upstream and 
downstream of the accelerator measured the quality 
of the steam/air mixture and determined the mass 
flow through the accelerator. The remaining 
Instrumentation on the seals, the turbine nozzles, 
the turbine shrouds, the nozzle platforms, and the 
combustor liner assisted In monitoring the condi- 
tion of the hot section. 

Pyrometer 

The most Important Instrument required for the 
test was an optical pyrometer. The pyrometer 
assembly consisted of a photodiode, a lens, and the 
associated electronics within a water-cooled case. 
The pyrometer assembly was mounted on a first-stage 
turbine nozzle segment within the engine midframe 
and directed at the leading edge of the first-stage 
turbine blades (Fig. 4). The signal lead and the 
cooling water supply and return tubing were routed 
through specially prepared holes In the outer mid- 
frame housing. 

The pyrometer system output was connected to 
an oscilloscope for real-time display and photo- 
graphing and to a wlde-band FM tape recorder for 
subsequent data recording and analysis. Also part 
of the system was a once-per-revolutlon speed sig- 
nal that was recorded as an Index marking to Iden- 
tify specific turbine blades. 

Model Tests 

Before each engine test a model test of the 
water Injection system was performed to calibrate 
the accelerator, to verify assumptions made In the 


conceptual design studies, and to gain operational 
experience with the system. 

Engine Tests 

The conditions under which the engine was 
tested with the turbine cooling water Injection 
system are summarized In Table I. The water Injec- 
tion concept was Initially demonstrated at settings 
below Intermediate rated power (IRP). Data were 
obtained at several water flow rates to validate 
the measuring system and the metal temperature ver- 
sus water flow rate predictions before testing 
above IRP was begun. 

The objective of the engine test was to 
Increase the maximum output power by raising the 
turbine Inlet temperature while keeping the bulk 
temperature of the first-stage turbine rotor blades 
within limits. 

The test procedure followed a conservative 
approach. A "derated" part-power base setting was 
selected where no water was injected. Measurements 
were then systematically made at Increasing levels 
of power while Injecting water. By taking fairly 
small Increments In temperature, any unpredicted 
trends could be observed. Each water flow rate was 
held for 1 to 2 min. Flot-sectlon temperature lim- 
its were established and adhered to as the test 
progressed . 

The baseline data from which exploration at 
temperatures above IRP was conducted and the guide- 
lines used from Hlrschkron 5 included the following: 

(1) Temperature data from the thermocouples 
described In the section "Instrumentation" were 
recorded. These data were extrapolated and used as 
a guide during the subsequent exploration to higher 
turbine Inlet temperatures. 

(2) Significant changes In slope versus the 
extrapolations would warrant further Investigation 
and corrective action, Including Inspection of hot- 
section hardware. No significant deviations were 
seen during the testing. 

(3) A number of routine Inspections of hot- 
section hardware would be performed to establish a 
correlation between the hot-section condition and 
Increased temperature levels above the established 
baseline. A new baseline would be established each 
time a hot-section Inspection was conducted. No 
abnormalities were seen during the Inspections. 

(4) The blade leading-edge temperatures would 
be measured with the optical pyrometer. 

Results and Discussion 

Results of model tests with the water Injec- 
tion system are presented, as well as the results 
of the engine tests. The model results affected 
the Injection configuration chosen for the engine 
and were used to calibrate the cooling system 
accelerator. 

Model Tests 

The model tests were conducted to determine 
the water flow that could be effectively added to 
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the turbine cooling airflow of the full-scale tur- 
boshaft engine. This Information was obtained as 
well as Information on the mass flow function for 
the turbine cooling air system accelerator. This 
was also an opportunity to gain operational experi- 
ence with the water supply system before Its use 
with the engine. 

The upper limit of water addition was to be 
determined by plotting the temperature of the mix- 
ture against the water/air ratio (Mg. 5). The 
point at which the water had little additional 
effect was anticipated to be shown by a correspond- 
ing change in slope on the aforementioned curve. 

The cooling effectiveness of the water addition was 
of significance at least to a water/air ratio of 
10 percent. This helped to determine the upper 
limit of water addition for the engine tests. 

The model tests were conducted with both 
5 holes and 15 holes In the distribution ring. No 
significant transient or steady-state differences 
were noted between these two configurations. The 
5-hole configuration was chosen for the engine 
tests because It resulted In a higher pressure 
differential In the supply system and thus allowed 
greater control of the water. 

Engine Tests 

The engine test results Include a visual 
Inspection report compiled after testing was com- 
pleted and a detailed discussion of the engine 
data. The test results show the benefits of water 
Injection Into the turbine cooling air and Include 
a comparison of engine data with both the model 
test data and the predicted results from the con- 
ceptual design study. 5 

Overall engine condition . - A borescope 
inspection showed no visual signs of hot-section 
distress. No engine hot-section disassembly was 
performed nor was It required. Operational limits 
regarding gas generator and power output shaft 
speeds and temperature were observed and never 
exceeded so as to retain as much turbine blade 
life as possible. This restriction was also 
Imposed because the engine Is a testbed Intended 
for future research work. 

This Is not to Insinuate that no risk was 
Involved In the program. Quite the opposite was 
true. For the maximum power situations the engine 
electronic control unit (ECU) was locked out. The 
engine operator was thus required to monitor and 
limit rotor speed and turbine temperature. Because 
of the configuration of the facility power absorber 
controls and since the engine ECU was locked out, 
the power absorber command signal required manual 
biasing to control engine power output speed and 
to reach the higher power levels. The addition of 
water Injection required a third operator who 
affected the operating level of the engine. Con- 
sidering these test variables, a key factor in the 
successful completion of the testing was the sup- 
port personnels' expertise. 

No atypical vibrations were observed during 
the testing nor was a compressor stall indicated. 
The system used for stall detection was proven to 
be reliable In previous engine tests. The pyrome- 
ter performed flawlessly for the duration of the 


tests, approximately 26 hours, and served well Its 
Intended purpose as the primary data source. 

Transient system response . - A consideration 
during the design and planning stage of the program 
was the state of the water/steam through the Injec- 
tion system. Too much water downstream of the 
turbine cooling system accelerator (Fig. 4) could 
conceivably result In "flooding" and sudden cooling 
of components such as seals. Too little water and 
the first-stage turbine blades would not be cooled 
enough to allow for higher turbine inlet tempera- 
tures as fuel was added. A maldistribution of the 
coolant might lead to temperature nonuniformities 
in the seals downstream of the accelerator and 
eventual turbine distress. The time to charge the 
system, or the time to reach a steady-state condi- 
tion, before the turbine temperature could be 
Increased was also a consideration. 

The concerns about flooding, insufficient 
cooling, and maldistribution of flow were minimized 
mainly by the test techniques employed and the 
hardware developed for the program. Regarding the 
transient response of the system, for a typical 
water/air ratio of approximately 6 percent, approx- 
imately 5 sec elapsed from the time water flow was 
begun until a change In temperature was observed at 
a thermocouple measuring metal temperature near the 
distribution ring. Furthermore, a significant drop 
In temperature did not occur until about 3 sec 
later. It should be noted that the time differen- 
tial between water addition and temperature drop 
must be taken Into account In an operational sys- 
tem. The thermocouples downstream of the acceler- 
ator, where the air/steam mixture should be most 
completely mixed, showed a greater delay. 

Steady-state results . - Water was added to the 
turbine cooling air as described In the section 
"Apparatus and Procedure." With this water addi- 
tion the rotor speed (Fig. 6) decreased as did 
horsepower output (Fig. 7). These figures show 
that adding water In itself did not necessarily 
result In a net gain in engine performance. In 
fact, just the opposite effect is revealed in these 
parameters . 

The loss In speed and. In turn, loss In horse- 
power were anticipated during the conceptual design 
study. Turbine cooling airflow Is greater with 
water Injection because the cooling air becomes 
denser as water Is added. Thus more compressor air 
Is diverted for turbine cooling, and less air Is 
available to drive the turbine than with dry tur- 
bine cooling air. The result Is a decrease In 
rotor speed. Another consideration was that the 
cooler turbine blades become shorter, thus increas- 
ing the tip clearance and causing a drop In turbine 
efficiency. 

The speed decrease would be only one conse- 
quence of water injection If this were an opera- 
tional system. The additional heat sink available 
In the turbine cooling air because of the water's 
latent heat of vaporization did lower the first- 
stage turbine blade temperature (Fig. 8) even as 
rotor speed and horsepower decreased. The water 
addition permitted operation at a higher turbine 
rotor inlet temperature, as would be accomplished 
in a real-world contingency power situation by a 
throttle push, or fuel Increase. 
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The throttle push was done and the results for 
operation at or near IRP, the normal range where 
contingency power Is applicable, are shown In 
Fig. 9. These data were obtained by Increasing the 
rotor speed after water addition until It was 
approximately equal to the speed before water addi- 
tion. The result was a turbine blade leading-edge 
temperature approximately the same with and without 
water addition but with a higher power output than 
without water. 

The power increase was approximately 
3.5 percent for a 6 to 7 percent water addition 
(Fig. 9) and allowed a corresponding turbine rotor 
Inlet temperature Increase of about 60 deg F. This 
was in good agreement with the rate of power 
increase estimated by the conceptual design study. 
If the restraints previously mentioned for this 
testbed engine did not exist and It were possible 
to raise the turbine rotor Inlet temperature by 
300 deg F as was done In the conceptual design 
study, a 17 percent increase in horsepower could 
be realized. 

Data were not gathered at IRP, or above, 
beyond a 6 to 7 percent water/air ratio because, 
as Is shown In Fig. 8, beyond that level there 
appeared to be little or no benefit from additional 
water injection. Simply, additional amounts of 
water beyond the 6 to 7 percent level did not sig- 
nificantly lower turbine blade leading-edge metal 
temperature. One explanation is that It could be 
a configuration-dependent mixing problem (i.e., 
type of distribution ring, number of holes in the 
ring, engine configuration, etc.). 

Engine - Model Results 

Engine and model test results disagreed In 
predicting the water/air ratio beyond which this 
configuration would show no Increase In cooling 
capacity. This can be seen by comparing Figs. 5 
and 8, which show a marked change In slope (or a 
decrease In temperature) at different water/air 
ratios. This lends credence to the argument that 
the engine data are limited In water/air ratio 
effectiveness by configuration constraints rather 
than saturation conditions. 

Engine - Conceptual Design Results 

Comparing first-stage turbine blade leading- 
edge temperatures from the engine test results and 
the conceptual design study was difficult because 
the engine test was run at varying turbine inlet 
temperatures while the study was performed at a 
constant turbine inlet temperature. An attempt 
was made (Fig. 10) to compare the test and study 
results by using a dimensionless temperature param- 
eter that contained key temperatures such turbine 
Inlet temperature, coolant temperature, and turbine 
blade leading-edge temperature. The equation Is 



where 

T c coolant temperature downstream of accelerator 
T g calculated turbine rotor Inlet gas temperature 
Tm first-stage turbine blade leading-edge 
temperature 


Considering the limited amount of data avail- 
able and the limited range of conditions covered 
during the engine tests, the results are reason- 
able. The disagreement can be explained by the 
lack of instrumentation, because of space restric- 
tions, needed for accurately determining the mixed 
air/steam temperature downstream of the 
accelerator. 

Concluding Remarks 

Because of one-englne-lnoperatl ve require- 
ments, together with hot-gas reingestion and hot- 
day, high-altitude takeoff situations, power 
augmentation for multiengine rotorcraft has always 
been of critical Interest. However, power augmen- 
tation using overtemperature at the turbine Inlet 
will shorten turbine life unless a method of limit- 
ing thermal and mechanical stresses is found. A 
possible solution Involves allowing the turbine 
Inlet temperature to rise to provide the augmented 
power while Injecting water into the turbine cool- 
ing air to maintain hot-section metal temperatures . 
This solution was Investigated as follows: 

1. A unique system for Injecting and evapora- 
ting water Into the turbine cooling air was suc- 
cessfully designed, fabricated, installed, and 
tested In a T700 turboshaft engine. 

2. The results of the tests demonstrated the 
potential for Increases in power of 17 percent, 
corresponding to Increases In turbine inlet temper- 
ature of 300 deg F, while maintaining constant tur- 
bine rotor blade temperature. 

3. Concern for unprotected subcomponents In 
the hot section of the engine prevented demonstra- 
tion of the technique's higher potential. 

4. Further development of this unique system 
Is required to optimize Its potential for contin- 
gency power. 
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TABLE I. - ENGINE SETTINGS FOR CONTINGENCY POWER 
INVESTIGATION USING WATER-AIR TURBINE COOLING 
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FIG. 3 WATER INJECTION SUPPLY SYSTEM. 
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TURBINE INLET GAS TEMPERATURE CHANGE, deg F 

FIG. 7 EFFECT OF WATER ADDITION ON POWER OUTPUT AND 
TURBINE INLET TEMPERATURE (CHANGE FROM BASE CONDITION). 



WATER/COOLING AIR RATIO, PERCENT 

FIG. 8 EFFECT OF WATER/COOLING AIR RATIO ON FIRST- 
STAGE TURBINE BLADE LEADING-EDGE TEMPERATURE. 
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FIG. 9 EFFECT OF WATER/COOLING 
AIR RATIO ON POWER OUTPUT WITH 
FIRST-STAGE TURBINE BLADE LEAD- 
ING EDGE TEMPERATURE CONSTANT. 



FIG. 10 EFFECT OF WATER/COOLING AIR RATIO ON DIMEN- 
SIONLESS TEMPERATURE. T* = (T„ - T c )/(Tg - T c ). 
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